Background: Human Papillomavirus (HPV) E2 plays several important roles in the viral cycle, including the transcriptional regulation of the oncogenes E6 and E7, the regulation of the viral genome replication by its association with E1 helicase and participates in the viral genome segregation during mitosis by its association with the cellular protein Brd4. It has been shown that E2 protein can regulate negative or positively the activity of several cellular promoters, although the precise mechanism of this regulation is uncertain. In this work we constructed a recombinant adenoviral vector to overexpress HPV16 E2 and evaluated the global pattern of biological processes regulated by E2 using microarrays expression analysis.
Background
Human Papillomavirus (HPV) is a small DNA virus that infects squamous epithelia performing a life cycle closely related to the differentiation program of the target cells [1] . HPV of the high-risk group (HR) as types 16 and 18 , are associated with cervical cancer (CC) development while the low risk group as types 6 and 11, only with benign lesions. The HPV-HR E6 and E7 gene products are oncoproteins, since E6 binds to p53 inducing its degradation and blocking its function as tumor suppressor, while E7 binds proteins members of the "pocket" family as Rb, blocking its union to the transcription factor E2F and inducing the transcription of genes necessary for the transition towards S phase of the cell cycle [2] . The E6 and E7 gene expression is regulated in early stages of the viral infection by the E2 virus protein. This protein also plays several important roles in the viral cycle, since it regulates the replication of the viral genome together with E1 protein [3] and participates in the viral genome segregation through the cellular mitosis by its association with the cellular protein Brd4 [4] . During CC progression, the HPV genome is frequently integrated into cellular chromosomes loosing the expression of E2 and driving to an uncontrolled expression of E6 and E7, being this fact a critical step in cellular transformation [5] [6] [7] . Evidences indicate that E2 protein can regulate negative or positively the activity of several promoters of cellular genes, although the precise mechanism of this regulation is not yet well understood. For example, HPV-HR E2 protein negatively regulates the expression of β4-integrin gene [8] , as well as the activity of the promoter of hTERT [9] . On the other hand, E2 has a positive regulation on the expression of several cellular genes including p21 [10] , involucrin [11] , and SF2/ASF [12] with an incomplete knowledge of the mechanism; however, it is believed that also involves its interaction with cellular proteins such as Sp1 [10] , the transcription factor C/EBP [11] , or TBP and components of the basal transcription machinery [12] .
It has been demonstrated that the expression of E2 affects important cellular processes as cellular proliferation or death [13] [14] [15] . These effects are mainly mediated by its interaction with p53 [16, 17] and possibly with TBP-associated factor 1 (TAF1), which regulates the expression of several genes that modulate cell cycle and apoptosis [18] . These interactions could induce changes in the expression of genes involved in these processes.
All the above mentioned reports have focused on analyzing the effects of E2 on particular promoters and very specific biological processes; therefore in this study our aim was to identify in a comprehensive way cellular genes and biological processes regulated by HPV16 E2. Using an adenoviral vector we expressed the HPV16 E2 gene in C-33A cells and analyzed the cellular gene expression profile generated by microarrays hybridization; ontological analysis indicated several pathways and cellular processes altered by HPV16 E2 expression.
Methods

Cell lines and culture conditions
The HEK293 and C-33A cell lines were obtained from ATCC. HEK293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/ml) and streptomycin (100 μg/ml). The C-33A cell line was cultured in Dulbecco's modified Eagle's medium: Nutrient Mixture F12 (DMEM-F12) supplemented with 10% Newborn Bovine Serum. Both cell lines were maintained in an humidified atmosphere at 37°C and 5% CO 2 .
Recombinant Adenovirus and Infection
The construction of the replication deficient recombinant Adenovirus containing the E2 gene from HPV16 controlled by the cytomegalovirus promoter (CMV) was carried out with the Adeno-X Expression System (Clontech, Inc). The gene E2 was amplified by PCR using the primer forward 5'-TTCGGGATCCATGGAGACTCTT TGCCAACG-3' and the primer reverse 5'-ATCCGAA TTCTCATATAGACATAAATCCAGTAG-3' using as a template the plasmid pcDNA3-E2. The corresponding amplicon was cloned in the pShuttle plasmid (Clontech, Inc) using the EcoRI and KpnI restriction sites. The generated pShuttle-E2 was digested with the restriction enzymes PI-SceI and I-CeuI to obtain the expression unit, and then clone it in the correspondent restriction sites of the pAdenoX plasmid (Clontech, Inc) generating the vector pAdenoX-E2. A pAdenoX-empty vector was also built, incorporating the PI-SceI-I-CeuI fragment from the pShuttle plasmid. This vector allowed us to generate an Adenovirus that does not contain expression cassette, denominated empty Adeno (Ad-empty). The recombinant viruses were generated by transfection into HEK293 cells with Lipofectamine Transfection Reagent (Invitrogen). The viral particles were propagated in HEK293 cells and purified using the system Adeno-X Mini Purification Kit (Clontech, Inc), following the instructions of the provider. The Adenovirus titer was obtained by immunocytochemistry following the protocol reported by Bewig [19] . For the infection of C-33A with the recombinant Adenoviruses, 800,000 cells were seeded in DMEM-F12 with 10% Newborn Bovine Serum and maintained at 37°C and 5% of CO 2 during 24 hrs. The cell cultures were then incubated with 500 moi (multiplicity of infection) of either AdE2 HPV16 or Ad-Empty during 1.5 hrs in serum free DMEM-F12, in order to allow the virus adsorption. The viral stock was then removed away and the infection continued during 48 hrs in DMEM-F12 with 1.5% newborn bovine serum. To evaluate the infection efficiency, viral DNA was extracted using the Hirt method [20] and this material used as a template to amplify by PCR a 287 bp fragment of the Adenovirus 5 genome, using as a primer forward: 5'-TAAGCGACGGATGTGGCAAAAGTGA-3' and as a reverse 5'-CGTTATAGTTACGATGCTAGAGATT-3'.
RT -PCR
Total RNA from the recombinant Adenovirus infected cells was obtained using the Trizol reagent (Invitrogen) following the indications of the provider. One μg of RNA was used to synthesize cDNA using M-MLV reverse transcriptase (Promega). This cDNA was used as a template to perform a PCR reaction using as primer forward 5'-TTCGGGATCCATGGAGACTCTTTGC-CAACG-3' and as reverse 5'-ATCCGAATTCTCATA-TAGACATAAATCCAGTAG-3' amplifying a 1098 bp fragment corresponding to the full length HPV16 E2 gene. We used also a primer forward 5'-CTGTGGA CCGTGAGGATA-3 and a reverse 5'-CTGTTGGGCA-TAGATTGTT-3' to amplify by PCR a 750 bp fragment of the Ad-5 Hexon gene.
Hybridization and analysis of microarrays data
10 μg of total RNA were used for cDNA synthesis and labeling with SuperScript II kit (Invitrogen), using in a first array dUTP-Cy3 incorporation for Non-infected cells (N.I.) and dUTP-Cy5 for Ad-empty; and in a second array dUTP-Cy3 for Ad-empty and dUTP-Cy5 for AdE2; Fluorophorus incorporation efficiency was analyzed measuring absorbance at 555 nm for Cy3 and 655 nm for Cy5. Similar quantities of fluorophorus labeled cDNA were hybridized on the oligonucleotides collection 50-mer Human10K from MWGBiotech Oligo Bio Sets (Germany). Images of the microarrays were acquired and quantified in the scanner ScanArray 4000 using the QuantArray software from Packard BioChips (USA). A first analysis of the images and their data were performed using the Array-Pro Analyzer software from Media Cybernetics (USA). Data were then normalized and analyzed with genArise software (Institute of Cellular Physiology, UNAM) and genes with a Z score ≥ 1.8 or ≤ -1.8 were considered with altered expression. An ontological analysis was performed with selected data using PANTHER classification system (Protein ANalysis THrough Evolutionary Relationships).
Quantitative Reverse Transcription PCR (RT-qPCR)
Total RNA from recombinant Adenovirus infected cells was obtained using Trizol reagent (Invitrogen) following the indications of the provider; 1 μg of RNA was used to synthesize cDNA with M-MLV reverse transcriptase (Promega) and this material used for relative quantification of the selected genes obtained from the microarrays analyses, by qPCR using the commercial kit ABSOLUTE qPCR SYBR Green Mix (Abgene) following the recommendations of the provider. The evaluation of the mRNA levels of the gene of constitutive expression GAPDH was used to normalize. Amplicons quantification was performed by double delta Ct (ΔΔCt) method. The primer sequences used were: for GAPDH as forward 5'-CATCTCTGCCCCCTCTGCTGA-3' and as reverse 5'-GGATGACCTTGCCCACAGCCT-3'; for N-MYC as forward 5'-TACCTCCGGAGAGGACACC-3' and as reverse 5'-CTTGGTGTTGGAGGAGGAAC-3'; for JAG1 as forward 5'-CTTCAACCTCAAGGCCAGC-3' and as reverse 5'-CTGTCAGGTTGAACGGTGTC-3'; and for MAPK13 as forward 5'-ATGTCTTCACCC-CAGCCTC-3' and as reverse 5'TCCTCACTGAAC TCCATCCC3'.
Results
E2 expression in AdE2 infected C-33A cells
In order to obtain reliable data on the modifications induced by HPV16 E2 on the cellular gene expression profile, a recombinant adenoviral vector was used, since these vectors are able to efficiently infect cells from epithelial origin and the presence of a very strong promoter (MLP from HCMV) on its expression unit, guarantees a high efficiency of transgene expression. The infection of C-33A cells with the recombinant Adenovirus AdE2 was observed in almost 90% of the treated cell population (not shown). The evaluation of the E2 expression level in cells was carried out by RT-PCR 48 hours after infection, observing a very high amount of E2 mRNA in the infected cells ( Figure 1 ).
Differences in the transcriptional profiles
In order to identify the modifications induced on the cellular gene expression profile by HPV16 E2 gene, the expression profiles of AdE2 C-33A infected cells versus the expression profile of Ad-empty infected cells were obtained. To discriminate the effect that the adenoviral vector by itself had on the cellular gene expression, we also compared the expression profile of Ad-empty infected cells against that one from non-infected cells (mock). Data analysis obtained indicates that HPV16 E2 up-regulates 581 genes and down-regulates 1048 genes (Additional file 1, Table S1 and Additional file 2, Table  S2 ). Table 1 shows a list of the 50 genes with higher induction (with a Z score >2.1) and Table 2 those 50 genes highly down-regulated (with a Z score <2.9) for the expression of E2. These results indicate that HPV16 E2 has preferably a negative effect on cellular gene expression. Fold Change refers to differences in Z score values compared to expression in non-infected cells, analysis was perform using genArise software. Changes in gene expression with a cut-off >3.1 was used and the p-value was calculated by Student's t-test. Fold Change refers to differences in Z score values compared to expression in non-infected cells, analysis was perform using genArise software. Changes in gene expression with a cut-off < -6.0 was used and the p-value was calculated by Student's t-test.
Gene Ontology analysis performed in PANTHER classification system (Protein ANalysis Through Evolutionary Relationships) [21] indicates that WNT pathway is the most severely affected by the expression of E2, since we found 28 genes down-regulated and 15 up-regulated. Interestingly, this pathway is a convergence point of genes involved in the regulation of several cellular processes, including apoptosis, cell proliferation and differentiation. We found modifications in the expression of genes that play an important role in regulating these processes, like the down-regulation of EGR2 and CASP9, both involved in apoptosis; the up-regulation of CCNA and down-regulation of RHOA, both involved in cell proliferation; and the down-regulation of some of the type I keratins, markers of epithelial cell differentiation such as keratin 14, 24 and 34. Moreover, we found that a large number of genes from pathways such as PDGF, angiogenesis and cytokines and chemokines mediated inflammation, are also altered for expression of HPV16 E2 (Tables 3 and 4) .
Validation of the microarrays data
The validation of the results obtained with the microarrays analysis was performed by Real Time RT-qPCR, evaluating the mRNA levels of some of the genes negatively regulated by E2: MYCN, JAG1 and MAPK13. This approach was taking as basis recent results about validation of microarray experiments [22] . These genes were selected because they have a key role in some of pathways altered by HPV16 E2, such as apoptosis, cell cycle and keratinocyte differentiation [23] [24] [25] . Figure 2 shows the results of RT-qPCR for the selected genes among the AdE2 infected C-33A cells and those Ad-empty infected. The results of RT-qPCR from the selected genes correlate with the observations obtained with the microarrays analysis, indicating a very trusty landscape of the modifications on cellular gene expression induced by HPV16 E2.
Discussion
In this work we report the modification of the gene expression profile induced by the expression of HPV16 E2. We used the C-33A cell line to study the changes in the expression level of 10,000 human transcripts when the HPV16 E2 is expressed. In C-33A cells there is not evidence of HPV infection and they represent a convenient model to study the effect of E2 on cellular gene expression, without the involvement of another viral gene. Traditionally it has been considered that the effects Table 3 Top 10 up-regulated pathways in C-33A cells expressing E2
Cellular Pathway
No. genes altered
Wnt signaling pathway 15
Inflammation mediated by chemokine and cytokine signaling pathway
10
Angiogenesis 8
Integrin signalling pathway 8
Cadherin signaling pathway 8
B cell activation 8
Apoptosis signaling pathway 7
PDGF signaling pathway 7 EGF receptor signaling pathway 7
Oxidative stress Response 6
Cellular Pathways with the greatest number of genes up-regulated by HPV16 E2 were selected as main pathways altered by E2. Ontological analysis was based on the algorithm used by PANTHER system (Protein ANalysis Through Evolutionary Relationships). 
FGF signaling pathway 11
Apoptosis signaling pathway 10
PI3 kinase pathway 10
Cellular Pathways with the greatest number of genes down-regulated by HPV16 E2 were selected as main pathways altered by E2. Ontological analysis was based on the algorithm used by PANTHER system (Protein ANalysis Through Evolutionary Relationships). Figure 2 Evaluation of mRNA levels of selected genes by RT-qPCR. RNA from AdE2 and Ad-empty infected C-33A cells was extracted 48 hours post-infection, cDNA was synthesized, and specific primers used in a qPCR reaction to amplify fragments of the selected genes. Relative mRNA levels of MAPK13, JAG1 and MYCN genes are showed; values are expressed as difference in double delta-Ct compared with non-infected cells and expression of a housekeeping gene (GAPDH). Bars represent the mean ± SD (P < 0.05).
observed in the regulation of cellular genes when the protein E2 is expressed in cervical carcinoma derived cell lines is due to the repression of the expression of the viral oncogenes E6 and E7 [2, [26] [27] [28] ; however, in this work we showed that HPV16 E2 induces changes in the expression of cellular genes, independently of the regulation of the viral oncoproteins E6 and E7. The present study showed that HPV16 E2 importantly alters the expression profile of cellular genes, preferentially in a negative way, although a large number of genes were up-regulated.
It is well known that E2 protein suppress the activity of papillomavirus promoters by binding to low-affinity binding sites, leading to the displacement of cellular binding factors [8, [29] [30] [31] . A similar scenario has been proposed for several cellular promoters, since in cultured primary keratinocytes it has been observed that HPV8 E2 represses the transcriptional activity of the β4 integrin promoter, due in part to its binding to a specific E2 binding site on the promoter and leading to displacement of at least one cellular DNA binding factor. However, growing evidence indicates that protein-protein interactions could be even more significant for E2-mediated transcriptional regulation of cellular genes since has been shown that E2 protein from several papillomavirus physically and functionally interact with a variety of cellular regulatory transcription factors, including Sp1, C/EBP, CBP/p300 and p53 [10, 11, 16, 32, 33] . The interaction with Sp1 is apparently one of the most relevant for transcriptional regulation of cellular genes by E2 since it is involved in the downregulation of the hTERT promoter by HPV18 E2, but also the interaction with this transcription factor plays an important role in the transcriptional activation of several cellular promoters, including p21 by HPV18 E2 [10] or SF2/ASF by HPV16 E2 proteins [12] .
Even when E2 shows cooperative activation with a variety of sequence-specific DNA binding factors such as AP1, USF, TEF-1, NF1/CTF, and C/EBP [11, [34] [35] [36] [37] , a direct interaction between E2 and these cooperation partners has only been shown for HPV18 E2 with C/ EBP, in the transactivation of the involucrin promoter [11] , suggesting the transcriptional cooperation may also occur without a direct binding of these cellular proteins with E2.
The analysis of our data indicated that HPV16 E2 negatively regulates a higher number of genes (1048 genes) than those positively regulated (581 genes) (Additional file 1, Table S1 and Additional file 2, Table S2 ). In agreement with results previously reported [10, 11] , we found that HPV16 E2 up-regulate the expression of involucrin and cyclin-dependent kinase inhibitor 1A (p21) genes. However, we observed these genes up-regulated at a level below the established cutoffs for our analysis, indicating the relevance of the data set provided by our study for understanding the role of HPV E2 as a regulator of cellular gene expression.
Although we do not rule out the possibility that several genes are regulated by a direct interaction of E2 with specific sequences in the particular promoters, the global effect observed suggest that it could be the consequence of the interaction of E2 with several cellular transcription factors such as Sp1 (apparently the most important). E2 protein could destabilize protein-protein interactions between Sp1 and co-activators resulting in the negative regulation of the transactivation function of Sp1 itself, or E2 bound on the promoter via Sp1 may promote the recruitment of transcriptional co-activators such as p300/CBP and pCAF, leading to the transactivation of cellular promoters [38, 39] .
On the other hand, some HPV E2 proteins have been shown to interact with TBP and a number of components of the basal transcription machinery [18, [40] [41] [42] [43] [44] [45] , regulating the recruitment of the pre-initiation complex and affecting both viral and cellular gene expression. Previous works in our group have demonstrated that E2 protein interacts and cooperates with TAF1 in the activation of E2-dependent viral promoters [18, 40] . An analysis of our results indicates that 55 genes regulated by E2 have a natural regulation for TAF1 (data not shown).
Transregulation of specific cellular promoters could be also dependent on levels of the E2 protein in cells, since high levels of HPV16 E2 are known to result in inhibition of cell growth and promotion of apoptosis probably because with higher E2 levels, cellular metabolism may be compromised, leading to a reduced ability of cellular factors to control expression of several cellular genes. However, even we observed an abundant expression of E2, cell viability and different metabolic aspects of the cells (such as cell death) were not affected in a period of 72 hours post-infection with the AdenoE2 virus (data not shown).
This allows us to assume that the observed modulation of cellular gene expression by E2 is not the consequence of induced quiescence or apoptosis, thus the mechanisms of gene expression regulation by E2 only implicate its transcriptional regulatory properties, strongly influenced by its interaction with cellular proteins.
As expected, the results of the microarray analysis showed that HPV16 E2 affect a variety of cellular pathways (Tables 3 and 4) , some of them altered in early stages of cervical cancer development, when E2 is still expressed before the integration of the viral genome into cell chromosome.
Interestingly we observed that the expression of a high number of genes on the WNT-pathway is modified for the expression of E2. In the last few years it has been reported that WNT-pathway is activated by the expression of E6 and E7 viral oncogenes [46] [47] [48] . However, our observations suggest that E2 is also targeting this pathway probably with different consequences than the induced by the viral oncogenes, since a tight regulation and controlled coordination of the WNT signaling cascade is required to maintain the balance between proliferation and differentiation. Recently it has been proposed that essentially all cellular information -i.e. from other signaling pathways, nutrient levels, etc. -is funneled down into a choice of coactivators usage, either CBP or p300, by their interacting partner betacatenin (or catenin-like molecules in the absence of beta-catenin) to make the critical decision to either remain quiescent, or once entering cycle to proliferate without differentiation or to initiate the differentiation process [49] . Since CBP and p300 are also interactors for E2, the function of the WNT-pathway could be deeply modified by the low availability of the coactivators when the viral protein is present.
The control of this pathways in the viral cycle could have biological consequences as in the case of the regulation of cell proliferation, since the induction of Cyclin A expression by E2, orchestrated with a negative regulation of RhoA, known inhibitor of the cell proliferation, would allow the entry into the S phase of cell cycle [50] [51] [52] . Similarly, E2 expression could be also involved in apoptosis regulation since it negatively regulate genes involved in this process, such as caspase 9 (CASP9) [53] , whose product is an effector of cell death. In the same way, EGR2 [54, 55] is negatively regulated bringing as a consequence the inhibition of cytochrome c releasing it from the mitochondria. Interestingly, several genes mainly expressed in keratinocytes from the basal layers of stratified epithelia, such as type I keratins (keratin 14, 24 and 34) [56] [57] [58] , were down-regulated in cells expressing E2 suggesting that the process of cell differentiation could be also regulated by this viral product.
Conclusion
In conclusion, our results in this work demonstrate that HPV16 E2 has a regulatory effect on cellular gene expression independently of the viral oncoproteins E6 and E7. The analysis data presented in this study demonstrates that E2 predominantly induces a downregulation of gene expression. The gene profile observed in E2 expressing cells suggests that E2 could induce these changes by its interactions with ubiquitous cellular proteins such as Sp1. Several genes involved in pathways altered in early stages of cervical cancer, such as CASP9 and EGR2 involved in apoptosis and MYC-N, CCNA and RhoA involved in cell proliferation, were altered by HPV16 E2 expression. The cellular processes affected suggest that E2 expression leads to the cells in to a convenient environment for a replicative cycle of the virus.
Additional material
Additional file 1: Up-regulated genes in C-33A cells by HPV16 E2 expression. Z score values represent the change in gene expression related to non-infected cells. Fold Change refers to differences in Z score values compared to expression in non-infected cells. Analysis was performed using genArise software, changes in gene expression with a value ≥ 2.0 were considered as altered genes, the p-value was calculated by Student's t-test.
Additional file 2: Down-regulated genes in C-33A cells by HPV16 E2 expression. Z score values represent the change in gene expression related to non-infected cells. Fold Change refers to differences in Z score values compared to expression in non-infected cells. Analysis was performed using genArise software, changes in gene expression with a value ≤ -2.0 were considered as altered genes, the p-value was calculated by Student's t-test. 
